Fluorine production was demonstrated in a Nafion 115 membrane-separated electrochemical reactor. Direct oxidation of anhydrous HF from the gas-phase did not occur. Instead, the bifluoride ion (HF 2 -) abundant in KF•xHF molten salt was a necessary reactant for sustained fluorine evolution. Transport of bifluoride ion to catalyst-coated ELAT or membrane electrode assembly electrodes was hindered by electrostatic exclusion from the perfluorinated ionomer solution catalyst binder and membrane. The anode was flooded with KF•xHF molten salt to circumvent transport restrictions by providing HF 2 -directly to the anode surfaces. Galvanostatic operation at 0.5 kA/m 2 yielded fluorine at 7.2 V with 62% current efficiency. © 1999 The Electrochemical Society. S1099-0062(99)06-042-3. All rights reserved.
A proton exchange membrane (PEM) reactor for electrolytic production of fluorine was evaluated as a potential alternative to the electrolyzers used for commercial fluorine production. This process is similar in concept to the anhydrous HCl recycle process which utilizes a PEM reactor to electrolyze anhydrous HCl forming chlorine and hydrogen gas. 1, 2 Fluorine is produced commercially by bulk electrolysis of KF•xHF molten salt (1 < x < 4). 3, 4 The lifetime of a commercial fluorine cell is limited by corrosion of the carbon anode and other components such as the electrode-current collector connections. The anticipated advantages of the PEM reactor are continuous operation, higher current densities per unit cell area, lower operating voltages due to the reduction of the interelectrode gap distance, and better product gas separations leading to improved safety.
HF electrolysis presents new challenges compared with HCl electrolysis. The thermodynamic potential for fluorine evolution is approximately 1.8 V more positive than the potential for chlorine evolution. Materials of construction for an HF PEM reactor must be stable to voltages higher than those used in an HCl PEM reactor. In aqueous media such as the water-swollen Nafion membrane used in the HCl process, there is an inherent oxidative stability limit due to the oxygen evolution reaction. This limit may preclude an aqueous process for fluorine production as oxidation of water to form oxygen occurs well below the thermodynamic fluorine evolution potential (1.23 V H 2 O/O 2 vs. H + /H 2 , 2.83 V HF/F 2 vs. H + /H 2 ). 5 When water is removed from a perfluorinated ionomer membrane, the ionic conductivity of the membrane decreases to less than 10 -7 S/cm. Fortunately, perfluorinated ionomer membranes conduct ions when swollen with a variety of nonaqueous solvents. 6 The challenge is to find such a solvent which does not oxidize at high voltage or which generates fluorine as an oxidation product. Two logical choices are anhydrous HF and KF•xHF molten salt, as both have the potential to produce fluorine as an oxidation product. Results are compared in this paper from cells employing these anhydrous solvents and cells with water as the membrane solvent, which are a direct analogy to the anhydrous HCl recycle process. To the best of our knowledge, this is the first time that fluorine production has been attempted in a polymer-membrane-separated reactor.
Experimental The PEM reactor consisted of flow-through gas-diffusion electrodes separated by a Nafion 115 membrane. A schematic of the reactor is displayed in Fig. 1 . The effective area of the reactors used in this work was 1 cm 2 unless otherwise noted. Monel and platinum current collector plates were machined with serpentine flow fields for delivery of reactants and removal of products. Gas-diffusion electrodes (GDE) were either carbon cloth (E-TEK, Inc.) or Monel mesh (Cleveland Wire Cloth & Mfg. Co.). Catalyst layers were either coated on the GDE in ELAT form or laminated directly on the membrane surface in the form of a membrane electrode assembly (MEA). 7 Results presented in this paper are from cells employing fuel cell grade platinum black or platinum supported on carbon ELATs (E-TEK, Inc.), and cells with fuel cell grade platinum black (E-TEK, Inc.) MEAs.
Four modes of operation were studied; an aqueous mode with deionized water fed to the cathode and anhydrous HF gas fed to the cathode and three anhydrous modes with combinations of either anhydrous HF gas or KF•xHF molten salt fed to the anode and cathode of the reactor. KF•xHF molten salt was prepared in situ by equilibration of technical grade KHF 2 (MCB Manufacturing Chemists) with anhydrous HF gas in a mixing cylinder. A fairly dilute composition by industrial standards was used in order to operate at ambient temperature and pressure. In a separate experiment the concentration of KF equilibrated with HF at room temperature with 1 atm vapor pressure was determined to be approximately 2.5 mol/kg (KF•xHF; x = 20). The resulting liquid was drained into a reservoir which facilitated gravitational feed to the reactor. Anhydrous HF gas was periodically bubbled through the reservoir to maintain the melt concentration at ambient conditions. A scrubber sequence was installed for separation and neutralization of the product streams. A process flow diagram is shown in Fig.  2 . NaF•xHF (Engelhard Co., x = 1 as received) scrubbers absorbed HF. The scrubbers were activated by heating to 200°C with a continuous nitrogen purge for 24 h. To quantify fluorine content, the anode product stream bubbled through a 5.0 M KOH scrubber followed by a 0.2 M KI scrubber with 0.1 M KH 2 PO 4 buffer. An alumina scrubber was used to remove fluorine by conversion to oxygen when the analytical scrubbers were bypassed. Product samples were periodically injected into a gas chromatograph with a mass selective detector (Hewlett Packard 6890 series) for analysis of CF 4 and other fluorinated gases. Any OF 2 formed as a side product by electrolysis of adventitious water was absorbed in a gum rubber trap. Concentrated KOH solution scrubbers were installed at the end of the product streams as a fail safe in the event a scrubber was exhausted. Experiments were conducted at temperatures ranging from 5 to 70°C. Electroanalytical methods employed in the course of cell testing included potentiostatic and galvanostatic operation, linear sweep voltammetry and amperometry, electrochemical impedance spectroscopy, and open-circuit decay. Results presented in this paper focus on steady-state, room-temperature cell operation.
Following a postrun nitrogen purge, samples were taken from the KOH and KI analytical scrubbers for analysis. Standards simulating KOH scrubber concentrations were generated ranging from 10 to 1000 ppm fluoride by mixing appropriate amounts of KOH solution with NaF standard (Orion Research, Inc.). The KOH scrubber samples and standards were each diluted 9:1 with 4 M potassium acetate pH 5 buffer and an equal volume of TISAB II buffer (Orion Research, Inc.). A fluoride ion selective combination electrode (Orion Research, Inc.) was used to measure electromotive force (emf) of the solution and standards. The fluoride concentration of samples was calculated by linear interpolation between standard measurements on a logarithmic scale.
Depending on flow rate and dilution in nitrogen, some fluorine escaped the KOH scrubber in the form of OF 2 which liberated iodine in the KI scrubber. Iodine was quantified in KI scrubber samples by titration with 0.1 N Na 2 S 2 O 3 in the presence of a starch indicator. The analytical scrubber sequence was calibrated with mixtures of fluorine and nitrogen gas. Complete recovery of fluorine was achieved. The lowest ratio of fluorine quantified from the KOH scrubber vs. fluorine quantified from the KI scrubber was 20:1 from a 50/50 mixture of F 2 /N 2 at 200 mL/min.
Results and Discussion To evaluate cell performance for bulk electrolysis of KF•xHF molten salt, the PEM reactor was operated with both the anode and the cathode of the reactor flooded with KF•xHF molten salt. This configuration was chosen to determine whether a Nafion membrane separator could be used in a commercial fluorine cell and to evaluate catalytic activity for fluorine production on ELAT and MEA electrodes. The reactor was scaled up with 9 cm 2 electrodes in this configuration to allow molten salt to drain freely in and out of the reactor. Current-voltage data without ohmic correction are presented in Fig. 3 for ELAT and MEA cells with molten salt flooded anodes.
The current density and primary anode product gas depended on the type of anode used. A platinum-catalyst-coated ELAT cell with Monel current collector plates yielded a mass-transfer-limited current of 0.2 kA/m 2 . The primary anode product gas was identified as CF 4 by mass spectrometry. Presumably, the source of CF 4 was decomposition of the carbon cloth ELAT. Fluorine was not detected in the analytical scrubbers. If any fluorine was generated in this cell it likely attacked the carbon cloth ELAT, yielding CF 4 . An etch pattern observed on the perimeter of the anode current collector suggested electrochemical reactions were confined to the gap between the ELAT and the gasket. This may be explained by anodic polarization preventing wetting of the interior of the ELAT with electrolyte.
A platinum-catalyst-coated MEA cell with Monel mesh GDE and Monel current collector plates had no apparent mass-transfer-limited current, likely due to corrosion of nickel from Monel. The primary anode product gas was fluorine. Galvanostatic operation at 0.5 kA/m 2 yielded fluorine at 7.2 V with 62% current efficiency. Without the presence of a carbon cloth ELAT, electrochemical reactions occurred uniformly throughout the entire anode compartment, as evidenced by a uniform etch pattern on the current collector plate. Based on visible corrosion of the current collector plate and relatively little damage to the MEA, we believe that the fluorine evolution reaction occurred preferentially on the current collector rather than on the platinum catalyst layer of the MEA. This result is counterintuitive, as it has been demonstrated that the overpotential for fluorine evolution on platinum is lower than that on Monel. 8, 9 However, if one considers the constitution of the catalyst binder, mass transfer can explain this result.
After extended periods of operation, the color of molten salt in the reservoir changed from transparent and colorless to transparent with violet color. K 2 NiF 6 was identified by X-ray diffraction from a solid corrosion by-product which had finite solubility in the melt. The efficiency for fluorine production ranged from 27 to 62% as quantified by a combination of fluoride ion emf in KOH solution and iodometry of an acidic buffered KI solution. Reactor efficiency depended on current density, reactor temperature, and cell history.
These results demonstrate that fluorine can be produced in a PEM reactor. The anhydrous KF•xHF molten-salt-swollen Nafion membrane separator does not appear to limit current and the advantages of a continuous flow-through-electrode membrane-separated cell design are within reach. However, the corrosion sustained in this cell indicates that efficient use of the catalyst was not achieved. Further experiments were performed to better understand this issue and to improve the PEM reactor design.
It is highly desirable to oxidize anhydrous HF directly from the gas phase to produce fluorine rather than employing bulk electrolysis of KF•xHF molten salt. The first step toward reducing corrosion of the current collector plates is to remove the liquid electrolyte. Ideally, ionic contact with the electrodes should only exist at the catalystmembrane interface. To evaluate cell performance for direct oxidation of HF from the gas phase, anhydrous HF gas was fed to both the anode and cathode of the reactor. Current could not be sustained in this configuration. Transient currents were observed at less than 3 V applied potential, most noticeably in cells which were not fully dried. The source of this current was residual water electrolysis and catalyst oxidation.
To promote complete saturation of the membrane with anhydrous solvent while still investigating direct oxidation of HF from the gasphase, KF•xHF molten salt was fed to the cathode and anhydrous HF gas was fed to the anode. Some transient activity was observed with applied potential greater than 3 V, which was not observed in the previous HF gas-purged process. Current density ranged from 0 to 0.3 kA/m 2 but could not be sustained for more than a few minutes.
Two important limitations on current exist in the reactor, ionic conductivity and fluorine evolution electrode kinetics. The bulk conductivity of the membrane in each cell was estimated using electrochemical impedance data. Table I lists the high-frequency impedance and estimated membrane conductivity of cells for each mode of oper- ation. Low impedance at high frequency indicates surprisingly good conductivity for the HF-swollen Nafion membrane. The bulk impedance remained low following extended electrolysis above 3 V, during which the last trace of water was exhausted. This leaves poor kinetics for direct oxidation of HF from the gas phase as the best explanation for a lack of sustained current.
It has been established that bifluoride ion (HF 2 -) is the reacting species for bulk electrolysis of KF•xHF molten salt. 4 Since HF was not oxidized directly from the gas phase in the PEM reactor, we speculate that a continuous supply of HF 2 -was required at the anode. The activity observed in the reactor with molten salt flooding the cathode may be explained in these terms. HF 2 -was initially available to the anode at the membrane saturation concentration. Transport of fluoride ion from cathode to anode to replace that consumed by oxidation was severely restricted by electrostatic repulsion in the Nafion membrane. In the steady state, the rate of transport was insufficient to sustain measurable current.
The same transport restrictions which preclude use of a cell with a gas-purged anode and molten-salt-flooded cathode also explain why the platinum catalyst was not utilized in the MEA cell with a molten-salt-flooded anode. Nafion solution was used as the catalyst binder. Transport of HF 2 -to the platinum catalyst was prevented by anion exclusion from the binder. Delivery of HF 2 -exclusively to the anode catalyst without exposing the anode current collector is a tremendous engineering challenge.
To make use of a zero-gap cell which takes advantage of a flowthrough gas-diffusion anode to reduce overvoltage and minimize corrosion, one may envision employing some form of fluoride-ion-conducting membrane separator. The separator could be either an anion exchange polymer, a ceramic solid-state fluoride ion conductor, 10 or a molten-salt-flooded porous membrane substrate. 11 This separator must be stable and retain its conductivity in the presence of fluorine.
Reactors incorporating an anion-conducting molten-salt-flooded porous membrane have been demonstrated for production of bromine and chlorine, and a process has been described for fluorine production. 11, 12 In these cells, the reactant gas (HX) is decomposed by gasphase reduction at the cathode yielding hydrogen gas and halide ions. Halide ions are oxidized at the anode yielding halogen gas. Fluorine evolution kinetics at the anode would be fundamentally different from bulk electrolysis of KF•xHF molten salt if the reacting species is free fluoride ion (F -) rather than bifluoride ion (HF 2 -). If HF can be reduced from the gas phase, the advantages of flow-through gas-diffusion-electrodes may be realized.
One may also consider using a nonionomeric polymer such as poly(tetrafluoroethylene) as the catalyst binder in an MEA and flooding both the anode and cathode with an anhydrous membrane solvent containing HF 2 -. In this case, if a catalyst is selected with an overpotential for fluorine evolution which is substantially lower than that for other metallic cell components, corrosion may be substantially reduced and cell life extended. We are conducting additional experiments to further explore this concept.
Although fluorine cannot be produced in the presence of water, we still proceeded to test the reactor with water as the membrane solvent. This is the most direct analogy to the HCl recycle process and was useful for evaluating materials of construction. A baseline for oxygen evolution was established by purging nitrogen through the anode and deionized water through the cathode. The reactor was subsequently tested with anhydrous HF fed to the anode.
Neither fluorine nor oxygen difluoride were generated in this aqueous process. The anode product stream bubbled through an acidic buffered KI solution and no iodine was liberated. Current-voltage data without ohmic correction are presented in Fig. 3 for a cell with platinum black ELAT electrodes, a platinum anode current collector, and a Monel cathode current collector. Assuming no activation of additional electrode area beyond the catalyst-membrane interface, the mass-transfer-limited current density of the nitrogen purged reactor reached 2.8 kA/m 2 at 2.5 V. Switching the anode feed to anhydrous HF gas resulted in an increase of the mass-transfer-limited current density to approximately 25 kA/m 2 .
The increase in current may be attributed to two phenomena, corrosion of the anode and an increase in active electrode area at the anode. We attribute most of the additional current to an increase in electrode area because a mass-transfer-limited current was reached and the current-voltage curve had no new features except an increase in the magnitude of current. With anhydrous HF purging the anode, hydrofluoric acid condensed in the ELAT and current collector flowfields. This liquid electrolyte provided ionic contact to electrode surfaces beyond the catalyst-membrane interface. Corrosion of all anodic cell components was observed. The only material which did not corrode extensively was platinum, although it was mildly tarnished.
Conclusions Fluorine production was demonstrated in a Nafion 115 membrane-separated electrochemical reactor. With KF•xHF molten salt fed to the anode in a Nafion membrane-separated reactor, fluorine was the primary product with the anodic reaction occurring on the Monel current collector. Neither anhydrous HF gas nor liquid anhydrous HF could be oxidized directly to yield fluorine under the conditions investigated. Instead, the bifluoride ion (HF 2 -) abundant in KF•xHF molten salt was a necessary reactant for sustained fluorine evolution. Good proton and potassium ion conductivity was observed in HF-swollen Nafion 115 membranes, indicating that cation conductivity was not limiting the process. Transport of HF 2 -through the perfluorinated ionomer solution catalyst binder and membrane separator was restricted by electrostatic repulsion and was not sufficient to sustain fluorine evolution at the catalyst.
Optimization of the KF•xHF molten-salt-flooded PEM reactor to maximize current efficiency and reduce electrode corrosion might result in a process very similar to the existing industrial technology with differences only in the type of separator and the methods of reactant delivery and product removal. A perfluorinated ionomer membrane separator may be used to facilitate bipolar and modular cell designs not currently employed in modern fluorine reactors. 
